Q uantitative evaluation of coronary stenoses is the fundamental means used to guide therapy of coronary artery disease."2 Although evaluation f the severity of coronary stenosis is usually performed by coronary angiography, the method has significant limitations. Because angiography provides only a silhouette of the vascular lumen, some studies have documented a poor correlation between percent stenosis and the physiological consequences of coronary obstructions. 3 Developments of Doppler catheter methods enabled measurement of intracoronary flow velocity in the clinFrom The Cardiology Division of Medicine, National Cardiovascular Center, Osaka, Japan. Supported in part by grants from Japan Heart Foundation (M.Y.), Tokyo, Takeda Medical Research Foundation (M.Y.), Osaka, and a grant-in-aid from the Ministry of Health and Welfare of Japan (K.M.), Tokyo. system, absolute flow velocity can also be determined. This technique may permit assessment of a percent stenosis by application of the continuity equation, which was originally introduced into the measurement of stenotic valve area.6,7 Although Johnson et a18 reported that in a canine model, the cross-sectional area of the coronary stenosis can be calculated by the Doppler catheter method, there have been no studies regarding quantification-of coronary stenoses using this method in humans. This may be due to methodological difficulties in measurement of the absolute flow velocity in the human coronary circulation.
Recently, we established the Doppler catheter system, by which absolute velocity of human coronary flow could be measured using fast Fourier transformation (FFT) analysis technique. 9 In the present study, we attempted 1) to measure the velocities in the prestenotic and stenotic segments of the coronary artery using a Doppler catheter, and 2) to determine the functional severity of the stenosis using the continuity equation method.
Methods

Study Patients
We studied 19 patients with coronary artery stenosis at the proximal to midportion of the left anterior descending artery (LAD) and one patient with a stenosis in the saphenous vein bypass graft to the LAD demonstrated by coronary angiography. Because this was a feasibility study, we chose patients with LAD disease because prior experience demonstrated that intracoronary catheter manipulation is easiest in the proximal LAD. This research protocol was directed by the Hospital Medical Ethics Committee of the National Cardiovascular Center. Informed consent for intracoronary Doppler examination was obtained from all patients. Fourteen patients had typical exertional chest pain and six patients had atypical chest pain symptoms. Nine patients had history of previous myocardial infarction. All were men aged 47 to 71 years (mean, 60 years).
Coronary Angiography
Coronary angiography was performed by standard Judkins method using biplane imaging system (System CAS-LA, Toshiba, Tokyo). We used a 7 or 8F guiding catheter (Softip, Schneider) for insertion of a Doppler catheter. After sublingual administration of nitroglycerin (0.3 mg), 6- Note that flow pattern represents laminarflow. When a sample volume was set at 8 mm beyond the tip, markedly augmented flow velocity was recorded (lower right). Calculated cross-sectional area stenosis was 60% from angiography and 51% from Doppler continuity equation method.
Statistical Analysis
Data are expressed as mean±SD. The differences between two measures were compared by Student's t test, and the relation between two parameters was evaluated by a simple regression analysis. We considered results significant when the probability value was less than 0.05.
Results
Coronary Angiography
Two patients had large diagonal branches arising just proximal to the stenotic segment. Therefore, we had to exclude these two patients from the calculation of area stenosis by Doppler technique, because the flow of the branches would disintegrate the assumption of the continuity equation. Calculated percent cross-sectional area stenosis in the remaining 18 patients ranged from 21 to 94% (mean, 63±16%). A representative case with a 60% cross-sectional area stenosis is shown in the upper panels of Figure 1 .
Measurement of Prestenotic and Stenotic Flow Velocities
Flow velocity at the prestenotic segment was measured in all patients. The typical flow velocity pattern of the prestenotic segment of the proximal LAD consisted of a large diastolic forward flow preceded by a small systolic forward flow (lower left panel of Figure 1 ). 9 Among 20 patients, the flow velocity pattern at the stenotic segments could be recorded in 13 patients (65%) with mild to moderate stenosis. There was also a predominant diastolic forward flow and a relatively small systolic forward flow (lower right panel of Figure  1 ). In three patients with severe stenosis (>90% in angiographical area stenosis), there were bidirectional flow signals mainly during diastole. These signals could not be analyzed because of aliasing and flow turbulence. In two patients, flow velocity signals from the stenosis could not be recorded possibly because of the inappropriate direction of the Doppler beam. The peak velocity at the stenotic segment of 13 patients was 90+ 36 cm/sec during diastole and was significantly greater than velocity at the prestenotic segment, 48+18 cm/sec (p<.0.1).
The time-velocity integral of the flow at the stenotic segment was also significantly greater than at the prestenotic segment (43±18 cm versus 21±6 cm; p<0.01).
Doppler-determined percent area stenosis ranged from 21% to 76% (mean, 48+15%). When these values were compared with stenosis severity by angiography, there was a good correlation (r=0.83, y=0.92x-0.45, n=13,p<0.01; Figure 2 ). There was no complication during catheterization procedures.
Discussion
In the present study, stenotic flow velocity in the human coronary artery was measured with a Doppler catheter system, and the severity of stenosis was quantitatively evaluated by the continuity equation. Although there are several studies in which coronary flow velocity at the site of stenosis was measured in experimental models,810 to our knowledge, this is the first report examining the flow velocity of human coronary stenoses.
Flow Velocity at Site of Stenosis
We found that coronary flow velocity at the stenotic segment is markedly increased. It is reasonable to expect that flow velocity becomes progressively higher In the present study, we determined the flow velocity at the stenotic segment by moving the Doppler sample volume (not by moving the catheter). This procedure minimized the effect of the catheter on the measured flow velocity as reported in the experimental study.8 Indeed, the measured flow velocity at the stenosis was similar to those measured by another method," suggesting that the present data could be acceptable for the area calculation.
Application of Continuity Equation a______________________________
The continuity equation is the law of conservation of mass in hydrodynamics and has been applied to measure the aortic and mitral valve areas.67 Theoretically, ,/ -the continuity equation should apply to the mean flow velocity and not the peak flow velocity. Mean can reduce low-velocity components as well as artifacts from the vessel wall, resulting in errors in the measurement of true mean velocity. Therefore, practical considerations favor the use of the spectral peak flow velocity in the calculation of the cross-sectional area by the continuity equation. Indeed, we found a good correlation between Doppler-determined percent cross-sectional area stenosis, which was derived from the integral of time and spectral peak velocity, and angiographically determined percent cross-sectional area stenosis.
Other factors that can affect the velocity measurements using a Doppler catheter must also be considered. First, our measurements were performed by placing the sample volume more than 3 mm beyond the catheter tip to avoid flow interference effect, because it has been reported that there would be no effect from the catheter approximately 1 mm beyond the tip.12 However, in the diseased or curved vessels, flow disturbances at the tip of the catheter may extend beyond 1 mm downstream. This potential problem is mitigated by the use of spectral peak velocity in the calculations; if the true peak velocities are present anywhere in the Doppler beam, the measurement will be accurate. This represents another advantage of the use of the spectral peak velocity for the continuity equation. Second, we measured flow velocity after withdrawing the guide wire into the catheter lumen to avoid any flow interference by the guide wire. This procedure sometimes resulted in difficulty to fix the catheter in the center of the vessel lumen. Further, a free tip of the Doppler catheter might injure the coronary vessel. However, careful and meticulous manipulation of the Doppler catheter while monitoring the flow velocity pattern enabled safe positioning of the catheter near the center of the lumen.9 Third, the Doppler-derived cross-sectional area at the stenotic segment may be theoretically somewhat smaller than the true cross-sectional area because of the vena contracta effect.13 Therefore, the stenotic cross-sectional area determined by the continuity equation method represents the effective area rather than the true anatomical area, as suggested in the previous experimental study. 8 This might explain, in part, the smaller crosssectional area determined by Doppler compared with angiography. Clinical Implications Accurate determination of the severity of coronary stenosis is required to evaluate catheter-based interventions. Contrast angiography is not necessarily suitable for the purpose, because recent studies by intravascular ultrasound imaging technique suggested that it is difficult to correctly estimate the stenosis from the angiogram because of the eccentricity of vascular lumen after angioplasty.14-16 Regarding intravascular ultrasound imaging technique, the present smallest size of ultrasound catheter is 3.5F and is still too large to be inserted into the tight coronary stenosis.'7 Therefore, measurement of the stenotic cross-sectional area based on the continuity equation method will provide an alternative index of the results of such interventions without inserting the catheter into the stenotic segment. It may also be possible to combine Doppler stenosis sizing with determination of coronary flow reserve. 4 
